Abstract -The papers presents methodologies for the analysis of 4th_order LCLC resonant power converters operating at 2.63MHz as fluorescent lamp ballasts, where high frequency operation facilitates capacitive discharge into the tube, with near resonance operation at high load quality factor enabling high efficiency. State-variable dynamic descriptions of the converter are employed to rapidly determine the steady-state cyclic behaviour of the ballast during nominal operation. Simulation and experimental measurements from a prototype ballast circuit driving a 60cm, 8W T5 fluorescent lamp are also included.
I. INTRODUCTION Fluorescent lighting takes a major role in today's lighting requirements (with around 1.2 billion units being produced per year) due to benefits afforded by crisp white light output compared to traditional incandescent and high intensity discharge lamps. Fluorescent lamps also provide a higher Lumens/Watt output, and higher efficiency, particularly when excited at high frequencies, typically 30-50kHz, by virtue of there being insufficient time between each half cycle of the supply for a significant number of mercury ions in the discharge to re-combine (and thereby necessitating a re-strike), as occurs with standard mains frequency excitation, for instance. The affect of this non-linear frequency dependence of lamp voltage and current can be clearly seen The relative 'loop area' shows that less re-combination occurs within the lamp between each half cycle of the input voltage when high frequency excitation is employed. Typically, fluorescent lamps are constructed with an oxide coated, tungsten filament electrode. Passing current through the electrode prior to striking to heat it (termed preheating) lowers the electrode work function, thereby allowing electrons to be emitted more readily. This consequently allows the lamp to strike at lower voltage than would normally be required, which in-turn reduces damage to the electrode from ion bombardment during the ignition event. Despite electrode pre-heating, however, the most common lamp failure mechanism is due to breakdown of the coating on the electrodes, giving rise to a blackening at one end of the tube and the lamp subsequently acting with similar characteristics to that of a gas diode. To .Un The subsequent effects of the high-frequency transformer's magnetising inductance and inter-winding capacitance, are then best represented by a model of a 4th-order LCLC resonant inverter. The widespread adoption of such highorder resonant inverters, however, has been impeded by the higher peak electrical stresses to which individual electronic components are exposed (compared to hardswitched inverter counterparts), and the lack of suitable design methodologies that can provide an accurate and rapid analysis of the circuit at the design stage; particularly those that consider the significant effects that parasitic resistances, capacitances and inductances have on the resonant tank behaviour. These difficulties have prompted researchers to investigate techniques for the reliable analysis and design of resonant inverters. Time domain mathematical models used to describe compact fluorescent ballasts have previously been reported in [7, 8] , where theoretical results of seriesresonant and series-parallel LCC electronic ballasts are shown to provide good agreement with measured data, at the expense of requiring significant computation overhead. Moreoften therefore, designers return to Fundamental Mode Analysis (FMA) [9, 10] for simplifying and speeding-up the design and analysis process, at the expense of neglecting the important harmonic and sub-harmonic content of the circuit voltages and currents. Here then, the paper considers cyclic analysis [11, 12, State Variable Modelling Figure 3 depicts the structure of a 4th_order LCLC resonant power inverter. In high frequency inverters, such as those for fluorescent lamp ballast applications, the parallel resonant components, Lp and Cp, are designed to be the magnetising inductance and parasitic capacitance of a stepup transformer, whilst the series resonant component, Ls, takes advantage of the transformer leakage inductance. In this way, the high order circuit is achieved with few additional passive components. Parasitic circuit elements have also been included in Fig. 3 i(tm ) = 4)m4M-1 * 1(to ) = 4)toti(to ) (8) where Di = X j, and x(tm) is the state-vector at time tm for an initial conditionxi(to), and, therefore, by definition of the cyclic mode, is equivalent to the initial condition for the cyclic solution. Since behaviour in the cyclic mode necessarily presumes periodic steady-state operation, the initial condition for operation in a cyclic mode is given by,
from which the initial condition for the voltage and current of the inverter and, together with (8) A2=A1 and, B2=04xl (11) Since only two dominant modes are considered, depending on the polarity of the input voltage, symmetry dictates that the duty of each mode is 0M5T', where T, is the period for one cycle i.e. d1 =0.5, d2 = 0.5. Substituting (10, 11) together with the duties, into (8, 9) therefore provides the initial operating condition of the circuit in steady state and an analytical solution for the circuit behaviour.
An example phase portrait of the resonant circuit voltages and currents in steady state prior to ignition and during normal operation is shown in Fig. 7 . It is notable that the computation time to obtain the analytical steady-state cyclic solution of the state vector is -1/10000x that required from Spice and other integration based simulation packages. 
